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The structure of benthic algal communities was 
assessed both taxonomically and physically, during 120 days 
of development. During this period, light intensity at the 
base of the mat decreased to < 1% of initial values after 93 
days, alkaline phosphatase activity (APA) increased, indica-
ting increased phosphorous limitation with successional 
time, and taxonomic structure of the community changed 
considerably. Vertical cross-sections of algal mats of 
different age were used to examine vertical movement over 
successional time in five diatom taxa, Achnanthidium minuti-
ssimum, Gomphonema angustatum, Nitzschia palea, Nitzschia 
denticula and Fragilaria crotonensis. Of these taxa, N. 
palea and N. denticula demonstrated the first- and second-
most active upward movement, respectively, as the community 
developed. Achnanthidium. minutissimum and G. angustatum 
showed no evidence of vertical displacement. Fragilaria 
crotonensis colonized in mid-succession and accumulated near 
the mat surface. Interspecific differences in benthic algal 
xii 
survival mechanisms are discussed, as is the need for 





studies of benthic algal community development have 
focused on two distinct but interrelated topics; patterns of 
species replacement during algal accrual (succession), and 
density-dependent resource limitations. Recently, the 
central focus of research on community development has 
shifted from species replacement to other developmental 
changes in the algal community. These include development 
of a vertical architecture (Patrick 1976, Hudon and Bourget 
1981, Hoagland et al. 1982, Hudon and Bourget 1983, Hamilton 
and Duthie 1984, Roemer et al. 1984, Rosowski et al. 1986a), 
the declining rate of cell-specific primary productivity 
with increases in density (Pfeifer and McDiffett 1975, 
Lamberti and Resh 1983, Hudon et al. 1987), and the grada-
tion of resource availability associated with mat depth 
(Burkholder et al. 1990, Stevenson and Glover 1993). 
Results of these studies have demonstrated that, during the 
process of succession, not only are species replaced over 
time, but an algal mat consisting of at least two tiers with 
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different resource availabilities is also created. These 
tiers can include a nutrient limited basal understory 
consisting of the early colonizers often embedded in a 
polysaccharide mucilage and an overstory, or canopy, of 
vertically extended growth forms living in a resource-rich 
area above the basal tier (Hudon and Bourget 1981, Rosowski 
et al. 1986a, Oppenheim and Paterson 1990). Thus, alga 
community development involves two stages. Initial colon-
ization generates a thin layer of adnate diatoms which, for 
a time, have unrestricted access to light and water column 
nutrients and plenty of uncolonized substrata on which to 
reproduce. As community development continues, the initial 
colonists essentially become trapped at the bottom of a 
continually thickening mat of cells, extracellular exudates, 
and detritus. In contrast, motile and to a lesser extent, 
stalk or tube-forming diatoms might be better adapted to 
compete for resources by moving upward through the algal mat 
to more resource-rich areas. In well-developed mats, the 
resource gradient resulting from biomass accrual presents a 
problem to early colonizing species that posses no mechanism 
to relocate to the resource-rich canopy. 
In this thesis I address 3 primary questions: (1) what 
3 
happens to non-motile, or slightly motile early colonists as 
the community develops a vertical architecture? (2) Do 
motile diatoms move vertically to escape the poor resource 
availabilities at the base of the mat? and (3) How is the 
species performance of cells remaining at the base of the 
mat effected by increased algal density? 
Sessile algal cells may maintain viability under condi-
tions of resource limitation at the bottom of the mat via at 
least two mechanisms. These include: (1) entering resting 
stages and (2) utilizing facultatively heterotrophic metab-
olism. It is possible that, by remaining in the lower 
reaches of the mat, these taxa are able to remain attached 
after sloughing or scouring events, enabling them to be the 
first to recolonize the newly opened space (Steinman and 
Mcintire 1986, Blenkinsopp and Lock 1994). Non-sessile 
diatoms are generally considered to use motility to avoid 
resource-poor areas (Hudon and Legendre 1987, Peterson and 
Hoagland 1990, McCormick and Stevenson 1991a). Stalk or 
tube formation allows some diatom species to elevate them-
selves into the resource-rich mat canopy above adnate cells 
when there is no pre-existing surface upon which cells could 
glide (Hoagland et al. 1982). Highly motile species, such 
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as Navicula or Nitzschia, would seem to have a definite 
advantage in locating resource-rich areas. These species 
could readily move horizontally to unoccupied areas of the 
substrata, or vertically to the upper areas of the community 
using other algal cells as a surface on which to glide 
(Cooksey and Cooksey 1992). Bothwell et al. (1989) demon-
strated that some diatom species can detach from substrata 
(i.e. emigrate) under adverse conditions, and proposed that 
this activity served to relocate these diatoms to areas 
where conditions for growth are more favorable. 
I tested the hypothesis that certain diatom populations 
move vertically within the algal mat from resource-poor to 
resource-rich microhabitats as cell densities increase 
during community development. The specific objectives of 
this thesis included: (1) to document the change in cell 
densities and species composition of an epilithic periphyton 
community over 120 days in a laboratory stream, (2) to 
determine changes in light and inorganic nutrients within 
the mat over time as biomass accrued to demonstrate the 
establishment of a resource gradient, and (3) to determine 
the vertical location of s diatom species of different 
growth habit within the algal mat at different successional 
stages to test whether motile species relocated from the 




senthic Algal Community Development 
Accumulation of cells during benthic algal community 
development is controlled by both immigration and reproduc-
tion of community members. Immigration is influenced by a 
variety of factors, such as cell type, the potential immi-
grators density in the plankton (drift), current velocity, 
and the microtopography of the substratum (Stevenson 1983, 
Hamilton and Duthie 1984, Steinman and Mcintire 1986, 
Stevenson and Peterson 1989, Stevenson and Peterson 1991, 
Steinman et al. 1992). Reproductive rates of community 
members are a function of resource availability and life 
history (Munteanu and Maly 1981, Hudon and Bourget 1983, 
McCormick 1990, McCormick and Stevenson 1991b). Stevenson 
(1984) derived a mathematical model which showed that 
immigration rates are more important in influencing algal 
cell accumulations rates during the early stages of develop-
ment but that, as the community ages, reproduction increases 
6 
in importance as a factor controlling patterns of cell 
accumulation. 
Floristic change in both species representation and 
7 
growth form observed during community development are a 
function of different species performances under different 
environmental pressures (e.g., McCormick and Stevenson 
199la) . Early successional algal colonists tend to have 
either high drift (plankton) abundances, high immigration 
capabilities, and/or high reproductive capacity at low cell 
densities. Later colonists, in contrast, tend to be more 
competitive algal species with vertical growth forms eleva-
ted above the basal layer (e.g., large apically attached 
cells with stalks, or filamentous taxa) and have higher 
reproductive rates under conditions of increasing cell 
densities (McCormick and Stevenson 1991a) . Floristic 
changes, however, do not generally lead to complete elimin-
ation of species from the community (Moore 1977, Krejci and 
Lowe 1987, Sabater 1990). The continual presence of early 
succession species could indicate immigration or the expres-
sion of a survival mechanism. 
As cell densities increase over time, the vertical 
stacking of algal cells and the build up algal and bacterial 
8 
dates reduces both light (Hoagland 1983, Losee and Wetzel exu 
1983 , Meulemans 1987, van Dijk 1993) and nutrient avail-
ability towards the bottom of the algal mat (Lock et al. 
1984) influencing both resource competition among species, 
and temporal change in the dominant algal growth form of the 
community (succession) . McCormick and Stevenson (1991a) and 
Steinman et al. (1992) suggest that algal growth forms 
reflect evolutionary adaptations to such environmental 
pressures. 
Algal Growth Forms 
Hudon and Legendre (1987) list three growth form 
characteristics for epibenthic diatoms; (1) Form (single or 
colonial), (2) Posture (prostrate or erect) and, (3) Mobil-
ity (mobile or immobile). These authors further state that 
each characteristic, singly or in combination, imparts a 
biological property to each species which, in turn, has 
ecological implications for that species. Single-cell, 
phytoplanktonic species have a larger surf ace to volume 
ratio than colonial species, making them more efficient at 
utilizing resources (Sourina 1981) . Solitary attached 
epibenthic growth forms may also benefit from a higher 
9 
relative efficiency based on their surface area to volume 
ratio (Hudon and Legendre 1987, Steinman et al. 1991). 
prostrate, epibenthic diatoms are less available to inverte-
brate grazers than erect growth forms, but lack the capa-
bility for vertical expansion and, thus, have no access to 
higher levels of light and nutrients in the overstory of the 
algal mat (Hoagland et al. 1982, Hudon and Bourget 1983). 
Mobility, to any degree, can affect the survival of epi-
benthic diatoms. Some cells with limited mobility are able 
to move into small crevices on the substratum, removing 
themselves from grazers and the effects of scour (Hudon and 
Bourget 1981, Hudon and Legendre 1987). While highly mobile 
cells are able to gain access to heterogeneously distributed 
resources (Aleem 1950, Harper 1977, Hudon and Bourget 1983, 
Cooksey and Cooksey 1992), these taxa do not typically 
attach strongly (Harper and Harper 1967) and, thus, are at 
greater risk of detachment via disturbance (Hudon and 
Bourget 1983, Peterson et. al. 1990, Peterson and Hoagland 
19 9 0) . 
Motility 
Epibenthic diatoms employ a diversity of mechanisms 
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that enable them to alter their position on a substratum or 
within an algal mat. The gliding motion of raphe-bearing 
diatoms such as Nitzschia or Navicula, involves secretion of 
a polymer (Edgar and Pickett-Heaps 1983, Webster et al. 
19as), probably an acid polysaccharide (Daniel et al. 1980, 
Darley 1977), which enables these cells to direct their 
motion in any plane, provided a solid surface is available 
(Cooksey and Cooksey 1992). Some diatoms can sense chemical 
resource gradients and direct their motions toward or away 
from such gradients (Cooksey and Cooksey 1992). Many 
epipelic species migrate to the upper layers of the sediment 
in response to light availability (Aleem 1950, Harper 1977) 
The ability to move in any direction and to follow a chem-
ical or resource gradient suggests that these diatoms detect 
and migrate toward resources within a periphyton mat (Peter-
son and Hoagland 1990). Some diatoms, previously thought to 
be sessile, do possess limited mobility (Bertrand 1992, 
Pickett-Heaps et al. 1991) which may impart a small advan-
tage over completely sessile species seeking uncolonized 
substrata or to cells that have been covered by debris or 
silt (Hudon and Legendre 1987). Some apically attaching 
sessile species, such as Gomphonema or Achnanthidium, 
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produce mucilagenous stalks that facilitate upward movement 
toward the more available light and nutrients in the over-
story of the algal community (Hoagland et al. 1982, Hudon 
and Bourget 1981, Hudon and Bourget 1983, McCormick and 
Stevenson 199la) . 
Active or passive emigration can also be considered a 
method of motility. Heavily silicified, benthic diatoms 
{e.g., Synedra ulna) have relatively high sinking rates and, 
in slow currents, are able to rapidly colonize newly opened 
substrata {Steinman and Mcintire 1986, Stevenson and Peter-
son 1989, Peterson and Stevenson 1990, Stevenson and Peter-
son 1991) . The lack of a raphe may reduce the adhesive 
ability of Synedra cells allowing them to easily detach 
during periods of increased current and emigrate down stream 
to new substratum (Hudon and Legendre 1987). Bothwell et 
al. (1989) demonstrated emigration of several diatom species 
from substrata colonized under normal light conditions and 
then subjected to 2 photoperiods of darkness, compared to 
substrata that were kept under normal photoperiods. 
Density Dependent Limitations 
Thick algal mats impair the diffusion of inorganic 
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nutrients and/or the penetration of light into the lowest 
iavers, thus increasing competition for these resources 
among individuals at the mat base (Pfeifer and McDiffett 
l975, Lamberti and Resh 1983, and Bott et al. 1985). In 
addition, periphyton communities contain extracellular 
polysaccharide exudates, derived from bacterial, fungal, and 
algal residents (Jones et al. 1969, Hirsch and Pankratz 
1970, Madsen 1972, Pletcher and Floodgate 1973, Allanson 
1973, Geesey et al. 1977, 1978, Costerton et al. 1978, and 
Javor et al. 1979). Mucilage layers within sewage slimes 
can serve as a barrier that prevent transport of small 
molecules to cells within the biofilrn, and result in form-
ation of aerobic zones at the top of the biofilm underlaid 
by anaerobic reaction zones (Matson and Characklis 1976) . 
Similarly, Ladd et al. (1979) demonstrated that the poly-
saccharide matrix of river epilithon can limit diffusion of 
14
C-glutamic acid to cells within the matrix. These studies 
imply that, during succession, changes in nutrient avail-
ability within biofilms would require an algal species to 
alter its metabolism if it were to survive at one location 
throughout the entire successional sere. These few experi-
ments illustrate the various functions of the polysaccharide 
13 
matrix in periphyton. A more detailed discussion on the 
structure and function of the polysaccharide matrix in 
stream epilithon can be found in Lock et al. (1984). 
Changes in biomass-specific productivity in periphyton 
communities with age also suggest that density-dependent 
limitations occur during community development. Pierson et 
1 (1990), using a microscopic fiber-optic light probe, a . 
showed that both light intensity and spectral quality can be 
reduced significantly in the top 2 mm of microbial mats and 
continues to decrease with deeper penetration into the mat. 
J0rgenson et al. (1983) measured decreasing photosynthetic 
rates with depth in microbial mats. Losee and Wetzel (1983) 
showed that algal pigments were responsible for the majority 
of light attenuation among the components of algal mats. 
These studies imply that increases algal cell density and 
community vertical architecture, and consequent reduction in 
light availability, will decrease the photosynthetic capa-
bility of cells near the base of the mat. 
Stevenson and Glover (1993) measured nutrient diffusion 
through algal mats of varying thickness and found that high 
density mats reduced the amount of inorganic nutrients which 
diffuse through the mat. Healy and Hendzel (1979) used 
14 
cultures of Synura uvella to observe increased alkaline 
phosphatase activity (APA), a measurement of an extra-
cellular phosphatase capable of cleaving inorganic phosphate 
from organic particles, as algal density increased and 
phosphorus levels in the culture decreased. Increased APA 
in stream epilithon has also been correlated to conditions 
of limited inorganic phosphorous (Pi) availability Klotz 
(1992). 
Microprobe measurements of intact biof ilms support the 
hypothesis that availability of dissolved nutrients changes 
with biofilm depth. In a review of the applications of 
microprobes, Herbert (1992) points out that these devices 
have been used to measure gradients of light, pH, oxygen, 
sulphide, and redox potential. Evidence from these studies 
suggest that density-dependent limitations do occur within 
biofilms and do create resource limited areas towards the 
bottom of the mat and resource rich areas in the upper 
portion of the mat. 
Proposal 
Throughout the process of community development, peri-
phyton communities change in physical structure, species 
15 
composition, productivity per unit biomass, and nutrient 
availability. The species compositional shifts that occur 
during community development replace early algal colonists, 
which are adapted to exploit low density, high resource, 
conditions, with late colonists that are better competitors 
for limited resources at high cell densities. Typically, 
replacement of early algal species during succession does 
not involve the elimination of these taxa (Krejci and Lowe 
1987). The continuing replacement of earlier species 
implies that resource availability is changing within the 
mat and, that the early colonists, in order to survive, must 
adapt to the changing conditions. How then are the former 
dominant species able to survive such changes? Possible 
survival mechanisms employed by diatoms could include: 
migration (long distance) to an entirely new substratum, 
short vertical or horizontal migrations via raphe or stalk 
to areas of higher resource availability, switching from 
phototrophic to a heterotrophic metabolism, or formation of 
a resting stage in which rates of metabolism are greatly 
reduced. The purpose of this study is; (1) to determine if 
diatoms are able to survive the limiting conditions within 
the algal biofilm by using motility as a mechanism to escape 
t 1·cally from the deeper, resource-limited areas of the ver 
16 
community, into the resource-rich upper canopy of the commu-
nity and (2) to track the survivability of cells remaining 
the basal layer of the mat through community development. 
The diatom taxa used to assess vertical migration and 
survivability were Achnanthidium minutissimum, Gomphonema 
angustatum, Nitzschia palea, Nitzschia denticula and Fragi-
laria crotonensis. These 5 diatoms were chosen for their 
various growth forms, A. minutissimum (adnate or stalked), 
G. angustatum (adnate or stalked) , N. denticula (motile) , N. 
palea (motile), and F. crotonensis (tychoplanktonic and 
ribbon forming) These diatoms differ in attachment stra-
tegy and motility and are morphologically distinct. Achnan-
thidium minutissimum is a common monoraphid, adnate or 
stalked early colonizer with low motility and is known to 
persist throughout the entire successional process (Fair-
child et al. 1985, Hoagland et al. 1982, Oppenheim and 
Paterson 1990). Gomphonema angustatum is usually an early 
colonizer and able to produce mucilagenous stalks, enabling 
this species to slightly adjust its vertical location within 
the algal mat. Nitzschia denticula and N. palea are motile 
biraphid species which were predicted to move toward the mat 
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canopy as cell densities increased. Fragilaria crotonensis 
is an araphid non-motile tychoplanktonic species belonging 
to a genus commonly found in periphyton (Peterson and 
Hoagland 1990) and was predicted to remain in the upper-
story of the algal mat. 
CHAPTER III 
MATERIALS AND METHODS 
.IXPerimental System and Experimental Design 
This study was conducted in oval shaped recirculating 
streams constructed of plywood and plexiglass (fig. 1). 
Each stream was 30 cm wide x 60 cm long x 8 cm deep, and had 
a working volume of ca. 3 liters. A centered island (4 cm x 
9 cm x 44 cm) created two 11 cm x 43 cm channels per stream. 
water was replaced at the rate of 2.7 liters per hour. A 
foam pad (6 cm x 25 cm x 2 cm) was inlaid into each channel 
to support (1 cm x 2 cm) plastic coverslips used as sub-
strata for algal colonization. A current of ca. 10 cm·sec- 1 
was generated by 2 paddle wheels attached to plastic axles 
at opposing corners of each stream and driven by low-speed, 
high-torque, gear motors via v-belt and pulley. Water was 
supplied to each stream via submersible pump from a central 
reservoir through a 3/4 in. CPVC pipe manifold system. Flow 
rates were controlled at manifold outlets by PVC gate 
Valves. Water depth in each stream was controlled by a 3 cm 
18 
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Figure 1. Schematic top view of one artificial stream. 
water flow was counter-clockwise. Nutrient solutions were 
supplied from 2.5 L Erlenmeyer flasks via peristaltic pumps. 
water stored in a central reservoir was pumped through a 
manifold system to each stream. Gate valves at manifold 
outlets controlled stream filling rates. A 3 cm. standpipe 











stand pipe; water exiting through this pipe was returned to 
the central reservoir through an activated charcoal filter 
to remove algal and invertebrate waste products and reduce 
the number of recirculated algae. Twenty percent of the 
water in the central reservoir was replaced with dechlor-
inated tap water every four days and filter charcoal was 
changed weekly. Water temperature in the central reservoir 
was maintained between 7 and 10 °C by a refrigerating 
circulator/bath. A 14:1:100 N:P:Si nutrient solution was 
dripped into each stream at the rate of 300 ml per day, 
resulting in the addition of 0.644 mg N :0.046 mg P :4.6 mg 
Si per hour. The nutrient solution was changed every three 
days. Light was supplied from broad-spectrum fluorescent 
bulbs at an intensity of 80 µmol·m- 2 ·sec-1 . Light atten-
uation by the community was measured, on each sampling date, 
through a small plate glass window inlaid in the bottom of 
each stream channel, by taking light intensity readings 
using a Licor Model LI185b Quantum/Radiometer/Photometer. 
Lotic algae collected from two sites, Aux Sable Creek, 
a 3rd order stream located in Grundy Co. Illinois, and a 
small tributary to the Kankakee River located in Kankakee 
State Park, Kankakee Co. Illinois, were used as "seed" algae 
22 
for the experimental streams. Periphyton was removed from 
ks using a soft brush and then diluted with stream water roe 
to make s L of algal slurry. The slurry was kept on ice 
until its introduction to the experimental streams. Three 
aliquots of ca. 3 ml of algal slurry were combined with 
equal volumes of cone. HN03 to clean diatom frustules for 
species identification using light microscopy (APHA 1989) . 
Prior to introduction to the stream system the slurry was 
examined for viable algae, resuspended and then divided 
equally to "seed" the 3 replicate streams. 
Sample Processing 
Following initial seeding, samples were removed at ca. 
ten day intervals for 120 days, and analyzed for primary 
productivity, APA, biomass accrual, cell density, cell 
biovolume, species identification, and community architec-
ture. 
To monitor changes in the availability of resources 
throughout community development, I calculated algal den-
sity, measured light attenuation through the algal mat, and 
measured APA on days 15, 28, 45, 59, 68, 81, 93, 105, 113, 
and 120 of community development. 
~ 1 
EnUll1eration and Identification 
on each sampling date plastic coverslips supporting 
periphyton were removed from each stream and the attached 
algae scraped into a known volume of Karnovsky's fixative 
(Karnovsky 1968) . One ml of each homogenized sample was 
then pipetted onto 22 mm x 22 mm glass coverslips, dried 
© 
overnight and mounted in Histoclear mounting media, to 
produce a permanent mount with a high refractive index, 
while leaving diatom protoplasts intact. Live and dead 
diatoms (based on the presence or absence of protoplasm) , 
green, and bluegreen algae were identified and enumerated 
from these slides at lOOOx under bright light and Nomarski 
optics using an Olympus BH-2 microscope. Over 500 cells 
were counted per slide. One sample from each replicate 
stream was counted per sample date to calculate a mean 
density. Mean total density was used to standardize other 
community level measurements on a cell-specific basis. 
23 
Biovolume, an additional measure of community standing 
crop, was estimated for all algal species by measuring ten 
random cells per species and using the volume equation for 
the nearest regular geometric shape. 
1 . e Phosphatase Activity (APA) ~in ~ -
APA levels were measured to determine if increases in 
periphyton phosphorous limitation corresponded with in-
creases in cell density. APA activity was assayed using a 
modification of the method described by Siuda and Chrest 
(lg87) where p-nitrophenyl phosphate (PNPP) + alkaline 
24 
phosphatase (AP) yields p-nitrophenol (PNP) . One coverslip 
per stream was removed per collection date and placed into a 
acid-washed beaker containing 50 ml filtered stream water 
and 1.0 ml p-nitrophenyl phosphate and allowed to incubate 
for 30 minutes at ambient pH, light, and temperature. 
Sodium hydroxide (1 N) was added to the incubated solution 
until a pH of~ 9.5 was reached. Ten milliliters of this 
solution was then removed and absorbance read on a spectro-
photometer at 410 nm. A separate sample was processed in a 
similar fashion but without addition of a periphyton sample, 
and used as a blank. Absorbance units were converted to 
absolute values by using a standard curve of absorbance vs. 
concentration of PNP. Following spectrophotometric measure-
ments algae were removed from the coverslip and used to 
determine ash free dry mass (AFDM) (by methods described 
later) to standardize absorbance measurements to 
25 
nunol PNP . g AFDM- 1 . mm- 2 . hr- 1 . 
prilllarv Productivity --
primary productivity measurements were calculated from 
changes in dissolved oxygen (D.O.) using the light bottle / 
dark bottle technique (APHA 1989, Lind 1979). Pairs of 
algal-colonized coverslips from one stream were placed in 
300 ml D.0. bottles, one clear and one opaque, filled with 
filtered stream water. Hourly D.O. measurements for each 
bottle were taken for 10 hours using a YSI Model 57 D.O. 
meter. Net primary productivity (NPP) was determined by the 
difference in oxygen concentration between the light and 





GPP-R = NPP 
ID.O. lighti-D.O. lighttl/time = NPP 
ID.O. darki-D.O. darktl/time = R 
NPP+IRI = GPP 
Where: GPP = gross primary productivity, NPP = net primary 
productivity, R = respiration, lighti = initial D.O. for 
light bottle, lightf = final D. 0. for light Bottle, darki 
initial D.O. for dark bottle, darkf = final D.O. for dark 
26 
~h Free Dry Mass (AFDM) 
Biomass accumulation over time was also estimated as 
AFDM. Periphyton was scraped from known areas into pre-
weighed aluminum weighing pans and dried overnight at 60°C. 
The dried material was re-weighed and all volatile material 
was ignited in a muffle furnace at ssocc for 1 hour. The 
pan was weighed again and ash weight was subtracted from dry 
weight to calculate AFDM. 
vertical Algal Mat Development 
The vertical position of cells within algal mats was 
determined by light microscopy of resin-embedded cross 
sections of communities. After removal from the streams, 
coverslips and attached periphyton were fixed in a mixture 
of 4% paraformaldehyde and 0.1% gluteraldehyde (Karnov-
sky's). After fixation, the algal mats were dehydrated in a 
graded acetone series, post fixed in 2% osmium tetroxide, 
and embedded in Spurr's resin (Spurr 1969). Portions of the 
embedded algal mat were removed, using a jeweler's saw, and 
rembedded in Spurr•s to obtain proper orientation for "thin 
section" production (fig. 2). The overlaying resin was 
removed from reoriented mat portions using a small file. 
The exposed algal mat surface was polished by treatment 
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Figure 2. Schematic view of periphyton in cross-section. A 
representation of an intact, early successional, periphyton 
sample viewed in cross-section for counting algal cells. 
One half of the optical reticle was used to demarcate one 
horizon. 
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View through ocular reticle 
195 µm 
Substratum 
. series with 2000 grit sand paper, crocus cloth, Turtle 1n 
wax white polishing compound (Turtle Wax, Inc. Chicago IL 
60638), plastic eye glass polish (Plas-Tex MR-2, Doe-Mar 
rnc. Cleveland OH 44113) and finally a plastic eye glass 
cleaner (C-Clear, U.S. Optical, Houston TX). The polished 
"face" of the algal mat was then mounted onto a glass 
microscope slide by polymerization using Spurr's resin. 
upon polymerization, the exposed portion of the algal mat 
was filed to an approximate thickness of 15 to 20 microns 
and polished using the previously described series of 
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abrasives and cleaners. A glass coverslip was then polymer-
ized to the exposed mat "face" using Spurr's resin. Slides 
were produced in this manner to avoid the complications 
inherent in sectioning diatoms. The vertical distribution 
of algal divisions was described for aays 15, 68 and 120, by 
enumerating green algae, blue green algae, ana diatom 
species in 195-micron wide transects. The vertical distri-
bution of the 5 diatom taxa, of aiffering growth forms, was 
also measured in 195-micron horizons on days 15, 28, 37, 45, 
59, 68, 81, and 120. Enumeration, of both algal divisions 
and diatoms species, was performed by aligning the substra-
tum at a right angle to the cross hairs in the optical 
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reticle and moving the slide through the designated half of 
the reticle (fig 2) . This type of enumeration will here-
after be referred to as "linearn . 
Algal Mat Thickness 
The maximum mat thickness was measured from embedded 
samples. The thickest mat profile of all replicate slides 
for any time point was recorded. 
Statistical Analysis 
Statistical analyses of the data were performed using 
SYSTAT 5.03 for Windows (SYSTAT, inc. 1993). All cell 
counts, areal and linear, were natural-log transformed to 
standardize variance. Analysis of variance (ANOVA) combined 
with a Tukey test was used to determine if changes in 
density occurred, and between which dates they occurred. 
One-way ANOVA and Tukey tests were also used to measure 
differences in cell number among horizons for algal divi-
sion and among the 5 specific diatoms. A t-test was used to 
compare the percentage of diatoms, green algae, and blue-
green algae between areal and linear counts for days 15, 68, 
and 120. All percentage data were arcsin-square root 
transformed prior to linear and nonlinear modeling of 
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Periphyton biomass (as AFDM, algal cell density, and 
biovolume) increased significantly (ANOVA p < 0.05) through-
out the 120 days of community development (fig. 3.). During 
this period the community changed considerably in macro-
scopic characteristics and taxonomic composition. Early in 
development (day 15), when biomass was relatively low, the 
periphyton community consisted of a light brown diatom-
dominated (82±2% S.E. diatoms, 9±2% bluegreens) layer with 
ca. 195 µm vertical development. By the 37th day, blue-
green algae dominated the community, (48±5% bluegreens, 34±4% 
diatoms) forming an upperlayer of cells which added ca. 1 mm 
to the vertical architecture and covered and filled inter-
stitial spaces between diatoms. On day 68, after a period 
exponential growth, bluegreen algae (57t5~) still dominated 
the community remaining in the thick mucilagenous layer 
extending upward 1 mm from ca. 200 microns above the 
32 
Figure 3. Areal abundance estimates. Prom substratum 
scrapes A) Algal cell density in cells · cm-2 , B) Total 
periphyton AFDM in mg · cm-2 , C) Algal biovolume in µm- 3 
cm- 2 . Error bars = ± 1 S.E. n = 3. 
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substrata. The bluegreen algal layer supported a covering 
of filamentous green algae (24±5%), mostly Ulothrix sp., and 
gave the mat the appearance of a thick green lawn. Mat 
thickness and architectural complexity were greatest on day 
68 (fig. 4) when algal density and biovolume had reached 
their peaks (fig. 3A & C). Thereafter, the community 
appeared to senesce, and lost biomass via sloughing, an 
observation reflected in the increased variances in algal 
density after day 68 (fig. 3 A). By day 120 of development, 
the green algal overstory had degenerated and the community 
appeared as a patchwork of brownish biofilms of varying 
heights. Bluegreeen algal dominance had increased to 83±4% 
at this time with a concomitant reduction in diatom and 
green algal abundances (6±l~ and 11±2~, respectively) (fig. 
5). 
Resource Limitations 
Light penetration through the algal mat declined 
significantly (ANOVA p < 0.001) over the 120 day community 
development (fig. 6B). A sharp 30% decrease in light 
penetration to the mat base occurred within the first 15 
days as the diatom layer thickened. Light penetration 
decreased a further 15% as bluegreen algae became dominant 
Figure 4. Maximum thickness of the algal mats. The 
thickest portion of the thickest embedded algal mat was 
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Figure 5. Cumulative relative abundance by algal division. 
Cumulative relative abundance of green algae, bluegreen 
algae and diatoms. The width of the band represents the 
proportion of algal division throughout the 120 day experi-
ment. 
39 
Figure 6. Resource Limitations. Changes in A) Algal 
density (areal) in cells · crn- 2 , BJ Light penetration 
40 
' -2 -1 through the base of the algal mat in µrnol · m · sec , and 
• • ' . -1 -2 -1 C) Alkaline phosphatase activity in µrnol · L ·cm · hr . 
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on day 37. By day 68, when the community had reached its 
greatest taxonomic and architectural complexity, light 
penetration through the mat was reduced to 10% of the day o 
values. Light penetration was further reduced to ca. 1% of 
day O values as development continued through 120 days. APA 
increased significantly as the algal community developed 
(ANOVA p < 0.001), indicating higher levels of (Pi) limita-
tion with successional age (fig. 6C). 
Areal Succession of the Algal Asselllblage 
The diatom assemblage 
The early successional diatom assemblage was dominated 
by adnate taxa (61±4%) and motile taxa comprised the bulk of 
the remaining diatoms (38±5%). Diatom density reached a 
maximum on day 68 even though the relative abundance of this 
group had decreased. The increase in vertical architecture 
during mid-successional development was accompanied by a 
shift to dominance by tychoplanktonic taxa, primarily 
Fragilaria crotonensis (79±4~) (fig. 7). Following the loss 
of overstory biomass via sloughing later in succession 
community structure shifted again to co-dominance by adnate 
(40±1%) and tychoplanktonic (41±4%) growth forms. The five 
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Figure 7. Cumulative relative abundance of diatom growth 
forms within the diatom assemblage. The width of the band 
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diatom species chosen to study the influence of growth form 
on vertical dispersal differed in successional patterns 
(fig. 8). 
Achnanthidium minutissimum 
Achnanthidium minutissimum exhibited a prostrate growth 
habit and was most prevalent in early succession. Areal 
densities of live A. minutissimu.m cells declined signifi-
cantly during the experiment (ANOVA p = 0.006, slope = -0.46 
p < 0.036). Exceptions to this overall decline in live-cell 
density for this taxon included increases from day 15 to 37 
and later in succession, from days 81 to 93 (Tukey p = 
0.008). Dead A. minutissimum areal cell densities increased 
significantly (ANOVA p < 0.001) as the experiment progressed 
(slope = 0.012, p = 0.025) and out numbered live cells by 
day 59. 
Gomphonema angustatum 
Gomphonema angustatum, another species prevalent during 
early succession, adopted an apical growth form but, exhib-
ited no stalk formation. Areal densities of live G. angus-
tatum declined significantly during the experiment (ANOVA p 
< 0.001, slope= -0.017, p < 0.001), while areal densities 
of dead G. angustatum cells significantly increased 
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Figure 8. Areal absolute densities of 5 diatom taxa. Live 
(•--•) and dead (0--0) ·cells for A) Achnanthidium minutis-
simum, B) Gomphonema angustatum, C) Nitzschia palea, D) 
Nitzschia denticula, and E) Fragiiaria crotonensis through-
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(.ANOVA p = 0.015, slope = 0.035, p = 0.003). Throughout the 
first 37 days, live G. angustatum cells out numbered dead 
cells (fig. BB). However, dead G. angustatum cell accumu-
lation approached that of live cell densities by day 45 and 
exceeded live cells by day 59. After day 59, areal cell 
densities show G. angustatum maintained a small, stable 
number of live cells even though ca. 80% of the initial 
population died (fig. BB). 
Nitzschia palea 
Observations of unpreserved samples revealed that N. 
palea cells were solitary and highly motile. Initial areal 
densities of live and dead cells of N. palea were similar to 
A. minutissimum and G. angustatum (ANOVA p = 0.630), respec-
tively. Areal densities of live N. palea cells did not 
change significantly during the experiment (ANOVA p = 0.106) 
(fig. BC) In contrast, dead N. palea areal densities 
increased significantly (ANOVA p < 0.001, slope = 0.011, p = 
0.032) during the experiment. By day 28, dead N. palea 
areal cell densities exceeded live cell densities. After 
day 28, live N. palea areal densities remained constant 
through day 120, while dead cells accumulated until day 81 
and then decreased. 
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Nitzschia denticula 
N. denticula cells were solitary and motile when 
unfixed cells were examined, however they appeared to be 
more clustered, than N. palea cells, when encountered in 
fixed community profiles. In contrast to the first three 
diatom species, N. denticula immigrated into this community 
in low numbers during the early stages of development. This 
taxon exhibited a low reproduction rate during early commun-
ity development and did not reach its highest live cell 
density until day 93 (ANOVA p = 0.002, Tukey p < 0.05). (fig. 
8D) The live cell growth rate did not differ from O (slope 
= 0.006, p = 0.285), while dead cell accumulation rates were 
positive (slope = 0.085, p < 0.001). Dead cells almost 
always outnumbered live for this taxon. 
Fragilaria crotonensis 
F. crotonensis is an araphid diatom with no active 
attachment mechanisms. In this study, live and dead F. 
crotonensis had positive growth/accumulation rates (slope = 
0.081, p < 0.001 and slope = 0.121, p < 0.001 respec-
tively), (fig. 8E). Live F. crotonensis densities increased 
significantly on day 68 (ANOVA p = 0.011, Tukey p = 0.015) 
then declined steadily thereafter. Dead cells of F. 
crotonensis exhibited a similar trend but were always less 
numerous than live cells. 
comparison of Areal vs. Linear Densities 
The percentage contribution of live diatoms, green 
algae and bluegreen algae did not significantly differ 
between areal and linear counts for days 15, 68, and 120 
(Tukey p > 0.05). 
vertical Distributions 
vertical distribution patterns by algal division 
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Early-(day 15), mid-(day 68), and late-successional 
(day 120) communities differed considerably in vertical 
organization. On day 15, the community lacked significant 
vertical structure, and both areal and linear counts yielded 
very similar taxonomic composition (i.e. percentages of 
diatoms, greens, and bluegreens; t-test p < 0.994, p < 
0.669, and p < 0.160), respectively (fig. 9A). 
On day 68, when algal densities were highest, algal mat 
thickness in all streams 3200 µm. Structurally, these 
communities consisted of two tiers: a high density under-
story consisting of 6, 200 µm, horizons, overlaid by a 
significantly less-dense upperstory of 10, 200 µm, horizons 
Figure 9. Vertical community development. A plot of the 
locations of 3 algal divisions within the vertical profile 
of the mat on days 15, 68, and 120. 
51 
4.5 52 A 











0 500 1000 15 00 2000 2500 
4.5 
4.1 B D Diatoms s 3.7 Day 68 ~ ;::::! Greens .j.J 






QJ 1. 8 p. 





0 2000 4000 6000 8000 
4.5 c 
















(TukeY p < 0.05). Representatives of the three major algal 
divisions tended to occupy specific vertical positions 
within the community. Diatom densities were highest in the 
lowest horizon (ANOVA p < 0.001, Tukey p < 0.05). Bluegreen 
algae were concentrated in the first 8 horizons with the 
largest numbers residing just above the diatoms in the 2nd 
horizon (ANOVA p = 0.004, Tukey p < 0.05). Densities of 
green, mostly filamentous, algae were highest in the 4th and 
5th horizons (ANOVA p < 0.001, Tukey p < 0.05) forming a 
floating canopy over bluegreen dominated layers (fig. 9B) 
By day 120, mat thickness had been reduced by more than 
half following sloughing on day 81. The three streams 
shared 6 common horizons and no detectable vertical stra-
tification in taxonomic structure was noted (ANOVA p > 0.05) 
(fig. 9C) . 
Species-Specific vertical distribution patterns 
Achnanthidium minutissimum, an early colonist present 
on all collection dates, maintained higher densities of live 
cells at the base of the mat than in overlying horizons on 
all collection dates (ANOVA p < 0.05, Tukey p < 0.05) except 
day 81 when no significant difference among horizons was 
detected (ANOVA p = 0.192, Tukey p > 0.05) (fig. 10). 
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Figure 10. The vertical distribution of Achnanthidium 
minutissimum. The vertical distribution of live and dead 
Achnanthidium minutissimum cells on day 15, 28, 37, 45, 59, 
68, 81 and 120 of the experiment. Note the predominance 
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Gomphonema angustatum, an early colonist with a pattern 
of vertical distribution similar to that of A. minutissimum, 
displayed a more rapid decline in areal density than A. 
minutissimum (fig. 11). This taxon occurred in highest 
concentrations at the mat base than in overlying horizons 
from day 37 to 68 (ANOVA p < 0.05, Tukey p < 0.05). 
Nitzschia palea was evenly distributed throughout the 
vertical profile of the community on all collection dates 
(ANOVA p = 0.003) except day 68 when the highest linear 
densities of this taxa were scattered among horizons 1, 2, 
3, 4, 7, and 10 (Tukey p < 0.005) (fig. 12). Thus, N. 
palea, while not uniformly distributed throughout vertical 
pro-files, did not concentrate in to one or two contiguous 
horizons as did the 2 adnate species. 
Nitzschia denticula, demonstrated uniform vertical 
distribution for all days except days 68 and 120 (fig. 13). 
On day 68 horizons 1, 2, 3, 4, 5, and 7 had a significantly 
higher concentration of live N. denticula than horizons 6, 
9, 10, 11, and 12 (Tukey p < 0.05). On day 120 this popula-
tion was evenly distributed throughout the vertical profile 
with the exception of the upper most horizon which had 
significantly fewer cells (Tukey p < 0.05). 
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Figure 11. The vertical distribution of Gomphonema angusta-
tum. The vertical distribution of live and dead Gomphonema 
angustatum cells on day 15, 28, 37, 45, 59, 68, 81 and 120 
of the experiment. Note the predominance of live cells in 
the basal layer after day 37 and the overall decline in 
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Figure 12. The vertical distribution of Nitzschia palea. 
The vertical distribution of live and dead Nitzschia palea 
cells on day 15, 28, 37, 45, 59, 68, Bl and 120 of the 
experiment. Note the larger proportion of live cells above 
the basal layer for this taxon compared to A. minutissimum 
and G. angustatum. 
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Figure 13. The vertical distribution of Nitzschia denti-
cula. The vertical distribution of live and dead Nitzschia 
denticula cells on day 15, 28, 37, 45, 59, 68, 81 and 120 of 
the experiment. N. denticula was more evenly distributed 
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Fragilaria crotonensis, a mid-successional colonist, 
occurred in its highest linear densities in the 6th and 7th 
horizons of the mat on day 68 (ANOVA p = 0.002, Tukey p < 
0. 05) . No other significant vertical distribution patterns 
were noticed for this taxon (fig. l4). 
Species Performance in Basal Layer 
Pe:rformance of diatom species at the base of the algal 
mat was assessed by measuring changes in the percentage of 
live ce~ls within the basal populations of 4 of the 5 diatom 
taxa chosen for vertical distribution measurements through-
out mat development. Fragilaria crotonensis was not present 
in the basal layer and excluded from this analysis. Curves 
were fit: to the arc-sin square root transformed percentage 
data us=ing linear and non-linear regression with time, AFDM, 
APA, and light as independent variables. Nonlinear curves 
were fit using Michaealis-Menten model as equation 5: 
( 5) Pa = Prnax + (V/ (V+K,.)) 
where P~= the percentage of live cells in the basal layer, 
Pmax = calculated maximum percentage of live cells in the 
basal layer, V = independent variable, and K8 = the half 
saturat:ion constant of the independent variable. LOWESS 
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Figure 14. The vertical distribution of Fragilaria 
crotonensis. The vertical distribution of live and dead 
Fragilaria crotonensis cells on day 15, 28, 37, 45, 59, 68, 
81 and 120 of the experiment. Note low densities of live 
and dead cells in the basal layer. 
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smoothing (Cleveland 1981) was employed to detect relation-
ships between variables that might not have been evident 
with either regression procedure. LOWESS parameters were 
set to their most conservative values. 
Three species exhibited significant declines in live 
cell percentages in the basal layer modeled with time, with 
N. palea being the exception (table 1) . The linear fit of 
the regressions was best for G. angustatu.m (table 1) and 
LOWESS smoothing indicated rather large differences from 
linearity for N. palea and A. minutissimum (fig. 15). 
Linear models fit to changes in light resulted in 3 signif-
icant increases in the percentage of live cells with in-
creases in light penetration, although these lines did not 
fit a linear model well (table 1). Nonlinear models using 
equation 2 yielded a better fit for light than linear 
models, especially for A. minutissimum and G. angustatum 
(fig. 16). When regressed against AFDM, only A. minutis-
simum and G. angustatum exhibited significant relationships, 
even though this relationship was not strongly linear (table 
1} . The relationship between species performance in the 
basal layer and AFDM did not appear to fit the curvilinear 
model for any species (fig. 17). None of the 4 species 
Table 1. Linear regression results. Results of linear 




Table 1. Linear regression results 
ind. adj. 
Species y-intercept slope 
2 2 n var p r r 
time 
A. minutissimum 24 89.268 -0.219 0.001 0.410 0.383 
G. angustatum 24 91.953 -0.565 0.000 0. 83 0 0.822 
N. pal ea 24 66.624 -0. 071 0.413 0. 031 0.000 
N. den ti cul a 24 75.273 -0 . 276 0.003 0.328 0.298 
light 
A. minutissimum 24 71.874 IL4 81 0.062 0 .149 0.110 
G. angustatum 24 42. 821 L.640 0.000 0.526 0.505 
N. pal ea 24 55.287 l>.610 0. 041 0.177 0.139 
N. den ti cul a 24 50 . 64 0 0 .8 63 0.015 0.242 0.207 
AFDM 
A. minutissimum 21 84. 714 -0.188 0.003 0.370 0.337 
G. angustatum 21 79.059 - 0 .4 21 0. 00 0 0.541 0.517 
N. pal ea 21 69.647 - 0 .161 0. 073 0.159 0 .115 
N. den ti cul a 21 78.487 - 0. 122 0. 070 0.162 0 .118 
APA 
A. minutissimum 21 87.472 - 71. 853 0. 057 0.178 0.134 
G. angustatum 21 57.045 17.924 0. BO 7 0.003 0.000 
N. pal ea 21 63.058 -6. 058 0. 90 7 0.001 0.000 




Figure 15. Species performance at the base of the mat 
regressed with time. Species performance for four diatom 
taxa A) Achnanthidium minutissimum, B) Gomphonema angusta-
tum, C) Nitzschia palea and D) Nitzschia denticula, measured 
as the percentage of live cells in the base of the mat 
regressed against time. The solid line indicates the linear 
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Figure 16. Species performance at the base of the mat 
modeled with light. Species performance for four diatom 
taxa A) Achnanthidium minutissimum, B) Gomphonema angusta-
tum, C) Nitzschia palea and D) Nitzschia denticula, measured 
as the percentage of live cells at the base of the mat 
modeled using the Michaelis-Menten eguation with light as 
the independent variable. Solid lines represent the fitted 
curve. Dashed lines are 95% confidence limits. Note the 
sharper threshold of dark tolerance for A. minutissimum 
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Figure 17. Species performance at the base of the mat 
modeled with AFDM. Species performance for four diatom taxa 
A) Achnanthidium minutissimum, B) Gomphonema angustatum, C) 
Nitzschia palea and D) Nitzschia denticuia, measured as the 
percentage of live cells at the base of the mat modeled 
using the Michaelis-Menten equation with AFDM as the inde-
pendent variable. Solid lines represent the fitted curve. 
Dashed lines are 95% confidence limits. 
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tested exhibited significant relationships (table 1 and fig. 
l8) with APA. LOWESS smoothing and the nonlinear curve fits 
with equation 2 did not appear to improve the fit of linear 
regressions (table 2 and fig. 19). 
problems Encountered During the Experiment 
Several problems were encountered during the course of 
the experiment. Chironomid larvae were observed in all 
channels on day 33. Visible larvae were removed by hand and 
the system was treated with the insecticide, temphos 
("Abate"; Clark Outdoor Spraying, Roselle, IL), according to 
the protocol described by Yasuno et al. (1985) to ensure the 
complete removal of chironomids. On day 39, a malfunction 
of the motor on the circulator/chiller occurred increasing 
water temperature from 8-10 C0 to 15-17 C0 • The recircul-
ator was not replaced and the experiment continued at the 
higher water temperature. On day 46 the peristaltic pumps 
became inoperable and were not replaced. The experiment 
continued without the further addition of nutrient solution. 
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Figure 18. Species performance at the base of the mat 
regressed with APA. Species performance for four diatom 
taxa A) Achnanthidium minutissimum, B) Gomphonema angusta-
tum, C) Nitzschia palea and D) Nitzschia denticula, measured 
as the percentage of live cells in the base of the mat 
regressed against APA. The solid line indicates the linear 
regression and the dashed line represents the LOWESS 
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Table 2. Curvilinear model parameters and results. Curvi-
linear parameters and statistics calculated by the NONLIN 
module in SYSTAT and used in the Michealis-Menten equation 
for the 4 diatom species and each independent variable. 
(± 95% confidence limits) . . .. indicates SYSTAT NONLIN could 
not fit a model to the data. 
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Table 2. Curvilinear model parameters and statistics 
ind. Pmax Ks Corr 
Species n var (± 95 %' C.L.) (± 95% C.L.) R2 R2 
time 
A. minutissimum 24 72. 72 ± 6. 83 - 2 .0 3 ± 2.51 . 983 .097 
G. angustatum 24 48.69 ± 7.85 - G .6 5 ± 2.39 .942 .385 
N. pal ea 24 54.78 ± 7. 41 -4.42 ± 2.35 .964 .213 
N. denticula 24 52.53 ± 8. 07 -4.40 ± 3.18 .951 .181 
light 
A. minutissimum 24 83.53 ± 5. 79 0.39 ± 0.29 .988 .369 
G. angustatum 24 84.74 ± 10. Gl 2.37 ± 1. 20 .976 .751 
N. pale a 24 60.04 ± 7.78 -0 .14 ± 0.29 .955 .032 
N. denticula 24 69.18 ± 9.35 0.78 ± 0.79 .958 . 3 03 
AFDM 
A. minutissimum 21 75. 64 ± 5.87 - (). () 3 ± 0 .16 .979 .010 
G. angustatum 21 56.61 ± 9.50 - () .2 4 ± 0.18 . 911 .170 
N. pal ea 21 59.93 ± 6.90 - 0 .13 ± 0.16 .956 .151 
N. denticula 21 71. 63 ± 5. 5 7 - 0 .9 0 ± 0.1'1 .979 .067 
APA 
A. minutissimum 21 6 .15 t 5 .18 - 0 .10 ± 0. ()03 .300 .000 
G. angustatum 21 1. 83 t 1.96 -0.13 ± 0.()2 .166 .000 
N. pale a 21 1.82 t 1.83 - 0 .12 ± 0.00 .206 .000 
N. denticula 21 -0.48 t - 0. 2 0 :± 
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Figure 19. Species performance at the base of the mat 
modeled with APA. Species performance for four diatom taxa 
A) Achnanthidium minutissimum, B) Gomphonema angustatum, C) 
Nitzschia palea and D) Nitzschia denticula, measured as the 
percentage of live cells at the base of the mat modeled 
using the Michaelis-Menten equation with APA as the indepen-
dent variable. Solid lines represent the fitted curve. 
Dashed lines are 95% confidence limits. Curves were not fit 
for N. denticula because SYSTAT NONLIN could not fit a model 
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CHAPTER V 
DISCUSSION 
Development of the Algal Mat Architecture 
Algal mat development in my experimental streams 
occurred in 4 stages; (1) deposition of a thin layer of 
prostrate and apically attached diatoms, namely Achnanth-
idium spp. and Gomphonema spp., (2) addition of a mat of 
intertwined filamentous blue green algae (e.g., Oscillatoria 
spp. Phormidium spp.) on top of these diatoms, (3) formation 
of a floating "canopy of green filamentous algae, primarily 
Ulothrix sp. and (4) degeneration of the green filamentous 
overstory and sloughing of portions of the community. Phys-
iognomy of early succession communities was similar to that 
observed in other studies (e.g., Hudon and Bourget 1981, 
Hoagland et al. 1982, Hoagland 1983, Korte and Blinn 1983). 
Bacterial and algal mucilage was evident early in develop-
ment and accumulated throughout the experiment, creating a 
thick periphyton matrix by day 120. Again, this is consis-
tent with patterns observed by others (e.g., Hoagland et al. 
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1982, Roemer et al. 1984, Lock et al. 1984, Rosowski et al. 
1986a) . The mucilagenous layer of Phormidium spp. and 
oscillatoria spp. that began to overgrow the basal diatom 
layer, similar to that observed in other studies (Tuchman 
and Stevenson 1991, Peterson and Hoagland 1990), likely 
impeded diffusion of nutrients from stream water to the 
diatoms below (cf., Lock et al. 1984). In my study, 
increase in bluegreen algal density was likely induced by 
the temperature increase and nutrient shift caused by the 
failures of the water chiller and nutrient delivering 
peristaltic pumps, respectively (see Peterson and Grimm 
1992). Development of a floating canopy of filamentous 
green algae that I observed during late succession was 
similar to those described by Peterson and Stevenson (1990) 
and Tuchman and Stevenson (1991). The matrix of Ulothrix 
sp. filaments that developed over late succession in my 
study contained little mucilage, and thus, probably did not 
severely impede nutrient exchange from the overlaying water 
to the under story cells (Lock et al. 1984, Riber and Wetzel 
1987) . This pattern of architectural development, from low 
to high vertical stature, is similar to that found in other 
experiments (Patrick 1976, Hudon and Bourget 1981, Hoagland 
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et al. 1982, Tuchman and Stevenson 1991). 
Concomitant with architectural changes in the commun-
ity, were changes in in-mat resource availability. Light 
penetration through the algal mat declined swiftly as green 
and blue green algae began to accumulate, and continued to 
decline to ca. 1% of initial values by day 120. These 
results are comparable to studies by van Dijk (1993), 
Meulemans (1987), and Hoagland (1983) in which algal accu-
mulation greatly reduced the penetration of light through a 
periphyton community. 
Alkaline phosphatase activity (APA) , is often employed 
to assess the degree of Pi availability (e.g., Bothwell 
1988, Klotz 1992), since algal cells release AP in order to 
cleave Pi from cations or detritus (Sinsabaugh and Linkins 
1988) . As Pi levels decrease, APA levels increase in 
response. In this study, APA within the mat increased after 
the community reached its highest density, indicating that 
nutrient availability and cell density were inversely 
related. 
Survival Abilities of 5 Diatom Taxa 
Differences in growth and immigration characteristics 
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among diatom species indicate interspecific differences in 
ecological strategies (Stevenson et al. 1991). These 
strategies are a response to disturbance, spatial hetero-
geneity, and trophic interactions (McCormick in press). In 
McCormick's review of resource competition and species 
coexistence in freshwater benthic algal assemblages several 
ecological strategies are categorized; (1) competitors 
adapted to maximize resource capture and growth rate, such 
as stalk forming diatoms which can move vertically toward 
higher light and nutrient availabilities in algal assem-
blages, (2) species adapted to efficient utilization of 
resources in order to maintain positive growth rates under 
limiting conditions, i.e. stress tolerant species, (3) dis-
turbance resistance species that possess morphological 
adaptations that prevent removal by scouring or herbivores 
and, (4) ruderal species adapted for colonizing disturbed 
sites where resource supply rates are high and density 
independent interactions are weak. 
Ecological strategies of diatoms can be assessed by 
examining changes in live and dead cell abundances over 
successional time. A decrease in the ratio of live-to-dead 
cells indicates the onset of resource limitations while the 
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continual presence of a small viable population during 
resource limitations indicates a successful adaptive trait 
for survival (Panella 1994). Results from my vertical 
profile analysis and interpretations of changes in diatom 
live-to-dead cell ratios yields insight into the ecological 
strategies and adaptive traits utilized by diatoms during 
succession. 
Both Achnanthidium minutissimum and Gomphonema angus-
tatum belong to genera characterized as early colonists 
(Roemer et al. 1984, Hoagland et al. 1982) that demonstrate 
a variety of attachment mechanisms (Roemer et al. 1984, 
Oppenheim and Paterson 1990, Marks and Lowe 1993). Through-
out my experiment, both of these taxa occurred in their 
highest densities within the bottom 200 µm of the mat, with 
A. minutissimum adhering prostrate to the substratum while 
G. angustatum attached apically. 
During early stages of development, accumulation of 
live A. minutissimum and G. angustatum cells was increasing, 
indicating successful reproduction under low density and 
high resource conditions. The decline of live cells on day 
37 for A. minutissima and day 28 for G. angustatum, indi-
cated that resources were becoming limited for these 
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species. Decline of G. angustatum population densities 
occurred ca. 9 days earlier than for A. minutissimum and was 
most likely induced by decreased light availability at the 
base of the mat. Differences in the half saturation point 
of light availability (2.37 (±1.20) ~mol·m-2 ·sec- 1 photosyn-
thetically available radiation (PAR) for G. angustatum and 
0.392 (±.289) µmol·m- 2 ·sec-1 PAR for A. minutissimum) at the 
base of the mat suggest G. angustatum was more sensitive to 
reduced light penetration than A. minutissimum and reduction 
of light played a role in the differential decline between 
these two species. Further, the low APA levels observed 
between day 28 and 37 indicate a lesser role of phosphorous 
limitation, compared to light, in the decline of both A. 
minutissimum and G. angustatum areal live cell densities. 
After day 59, A. minutissimum and G. angustatum exhi-
bited different live- and dead-cell accumulation patterns. 
Continued increases in areal dead G. angustatum as live 
areal densities remained constant indicated that cells of 
this species did not emigrate as light became limiting but, 
rather, died within the mat. Achnanthidium. minutissimum 
did not exhibit the same divergence between live and dead 
cells as did G. angustatum. It is possible that A. 
minutissimum is well suited to survive periods of low 
resource availabilities (Steinman et al. 1991, Marks and 
Lowe 1993) and, thus, had low death rates. This would 
account for the lack of divergence between live and dead 
cells. 
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Increases in areal density of dead A. minutissimum 
cells on day 93 suggest a period of increased reproduction 
followed by high death rate prior to day 93. The reproduc-
tive increase was likely a response of this species to the 
sloughing of the overstory after day 68, in agreement with 
other studies (Tuchman and Stevenson l991, Steinman et al. 
1991, Karouna and Fuller 1992). The loss of overstory may 
have created patches within the community where the avail-
ability of both nutrients (Riber and Wetzel 1987, Carpenter 
and Williams 1993) and/or light (Hill and Boston 1991) was 
increased. Indeed another member of the this genus, A. 
rostrata, has been shown to quickly return to high reproduc-
tive capacity after removal from limiting conditions 
(Panella 1994) . Such an increase in light penetration may 
not have been detected by methods I employed due to small 
patch area in proportion to the large area measured by the 
light probe. 
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High death rates of A. minutissimum noted late in this 
study may be accounted for by a lack of nutrients to sustain 
a prolonged increase in density. In recirculating streams 
with no nutrient input, nutrient availability is controlled 
by nutrient cycling, with the amount of available nutrients 
regulated by the amount of biomass (Mulholland et al. 1991). 
While sloughing of the overstory may have increased light 
availability and produced a short term increase in A. 
minutissimum density, the loss overstory biomass may have 
also removed nutrients from the cycling process causing 
cells to die. 
Observations of attachment mechanisms, the location of 
highest density, persistence throughout succession and, in 
the case of A. minutissimum, fast return to high reproduc-
tion after the removal limiting conditions, indicate a 
mixture of ruderal, stress tolerant, and disturbance resis-
tant ecological strategies for these species. 
Nitzschia palea is a lightly silicified species (Peter-
son et al. 1990) found either as solitary, motile cells 
(Pringle 1990, Peterson et al. 1990) or forming apical 
rosettes (Hoagland et al. 1982, Hoagland 1983). This 
species is capable of growth under eutrophic conditions (Chu 
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1946, Seenayya 1973, Schoemann 1973, Lowe 1974, Palmer 1969) 
and may be a nitrogen heterotroph (Patrick 1977) . In the 
present study, N. palea occurred as individual cells distri-
buted throughout the community. By day 28, dead N. palea 
cells began to out number live cells, indicating a decline 
in species performance. However, live cells did not decline 
significantly. The percentage of live cells in the basal 
layer (used to assess species performance) did not signifi-
cantly change in response to AFDM, APA, light, or time in 
either linear or curvilinear tests, indicating either that 
these factors had no effect on species performance at the 
base of the mat or that N. palea's response to these vari-
able was not consistent with a linear or Michealis-Menten 
model. The fact that N. palea was present in the entire 
vertical profile and maintained consistent areal density of 
live cells suggests an ecological strategy predicated on the 
efficient utilization of resources, i.e. stress tolerance 
possibly enhanced by motility and ability to utilize alter-
native nitrogen sources. 
In the present experiment N. denticula, a more heavily 
silicified Nitzschia species, was often found in pairs and 
differed from N. palea in pattern of live and dead cell 
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accumulation and vertical distribution. Low early-
successional areal densities of this taxon indicate N. 
denticula was a poor competitor at low community density. 
However, on day 68, N. denticula live cell density began to 
increase reaching highest density by day 93. From day 93 to 
day 120 the decline of both live and dead areal densities of 
N. denticula corresponded to loss of biomass during slough-
ing. 
Low mobility may have been responsible for the two 
tiered vertical distribution of N. denticula with a high 
density tier limited to the bottom 1200 µm of the community 
during peak algal density. 
The low reproduction rates of N. denticula under low 
density, early-succession conditions is consistent with a 
stress tolerant ecological strategy (McCormick in press). 
However, the location of live N. denticula cells in the 
lowest portion of the mat and the increase in areal density 
during late succession may indicate adaptive traits that 
allow the utilization organic compounds in low light zones 
at the base of the mat (Hellebust and Lewin 1977, J0rgenson 
et al. 1983, Tuchman in press). 
, 
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Fragilaria crotonensis is a common filamentous 
tychoplanktonic diatom often found associated with periphy-
tic communities (Peterson and Hoagland 1990, Tuchman and 
Stevenson 1991). In my experiment, the incorporation of F. 
crotonensis into the community was facilitated by entangle-
ment in the upperstory algae, while understory algae and 
mucilage prevented settling of F. crotonensis into the basal 
layers. Fragilaria crotonensis, despite being a late-
successional species, under went a brief period of high 
reproduction after becoming established within the community 
and declined in number as the overstory sloughed after day 
68. 
The ecological strategy employed by F. crotonensis 
appear to rely on passive immigration and emigration com-
bined with high reproductive rates while incorporated in the 
periphytic canopy. 
Implications of Ecological Strategy 
The ecological strategy and adaptive traits employed by 
each species can have benefits or drawbacks, depending on 
local conditions. The ecological strategy employed by A. 
minutissimum and G. angustatum are consistent that of 
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ruderal species, i.e. high growth rates when community 
density is low. Stress tolerance also plays a role in 
persistence of A. minutissimum. The basal positioning 
maintained by A. minutissimum and G. angustatum is an 
adaptive trait which removes these taxa from grazers and 
scour (Rosowski et al. 1986b, Peterson and Hoagland 1990, 
Sumner and Mcintire 1982, Tuchman and Stevenson 1991) but 
also exposes them to resource limitations created by the 
over-laying algal cells in the absence of disturbance 
(Meulemans and Roos 1985, Riber and Wetzel 1987, Hill and 
Knight 1988, Hill and Boston 1991). The combination of 
basal positioning and stress tolerance may help to increase 
the relative abundance of these taxa within the community 
after a disturbance, enhancing the ruderal strategies. The 
ability to rapidly respond to removal of limiting conditions 
further enhances A. minutissimum's ruderal strategy. 
Species which are found above the basal layers of the 
community risk being removed by disturbance (Peterson et al. 
1990, Hoagland 1983). On the other hand, these species may 
also benefit from increased resource availability in the 
upper layers (Riber and Wetzel 1987, Meulemans and Roos 
1985, Sumner and Mcintire 1982) and by being able to 
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emigrate if resource limitations become severe (Bothwell et 
al. 1989). The vertical distribution of N. palea had 
drawbacks for both cells in the upperstory and base of the 
mat however motility may have allowed N. palea to effi-
ciently utilize resources from a wide range of niches and 
maintain a stable population throughout succession. 
Nitzschia denticula exhibited ecological strategies and 
adaptive traits differed from those exhibited by N. palea. 
The low growth rates of N. denticula during early succession 
indicated that this species was probably a poor competitor 
for inorganic nutrients in low density communities. Appar-
ent limited mobility kept the majority of N. denticula cells 
near the base of the mat. The high growth rate in late 
succession, when APA was highest, could indicate that N. 
denticula was able to utilize organic nutrients, an adaptive 
trait that allows survival under low light and low inorganic 
nutrient concentrations (Hellebust and Lewin 1977, Tuchman 
in press) . Utilizing alternative nutrient sources likely 
present during late-development, increased the N. denticula 
population prior to sloughing of the upperstory. Further, 
any N. denticula cells that happen to be removed via slough-
ing will be healthy if the sloughed portion of the 
upperstory becomes a propagule for a new benthic community 
(Korte and Blinn 1983). 
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Under conditions of high inorganic resource availa-
bility and low community density, N. denticula may appear to 
be a stress tolerant strategist. However, under high 
community density and possibly high organic resource availa-
bility, this taxon also appears to be able to maximize 
resource capture and growth rate. 
The ecological strategy used by F. crotonensis in this 
experiment capitalized on entanglement in the overstory 
where it was able to reproduce rapidly, and sloughed along 
with the overstory to escape nutrient limited conditions. 
The ribbon like, sinking resistant growth form (Reynolds 
1984) and lack of raphe make this species dependent on 
filamentous algal overstories to become entangled in peri-
phyton communities. When large grazers are present, entan-
glement in the filamentous overstory puts F. crotonensis at 
risk of removal by herbivory (Sumner and Mcintire 1982, 
Tuchman and Stevenson 1991) . However, such cell losses 
could be recovered by high growth rates. The position in 
the algal overstory could also give F. crotonensis the 
ability to emigrate from the community should nutrients 
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become limiting and the overstory sloughs (e.g., Bothwell et 
al. 1989) . 
Summary 
The purpose of this study was to examine the effects of 
succession on the spatial arrangement of 5 diatom popula-
tions within a benthic algal mat. Change in the structure 
of benthic algal communities are typically visualized via 
scanning electron microscopy (SEM) (e.g., Hudon and Bourget 
1981, Hoagland et al. 1982, Hudon and Bourget 1983, J0rgen-
son et al. 1983, Korte and Blinn 1983, Hamilton and Duthie 
1984, Roemer et al. 1984, Meulemans and Roos 1985, Rosowski 
et al. 1986a, Steinman and Mcintire 1986, Steinman et al. 
1987, Meulemans 1987, Planas et al. 1989, Burkholder et al. 
1990, Oppenheim and Paterson 1990, Karouna and Fuller 1992) 
The use of SEM allows observation of large areas of the 
community, but also limits that view to the uppermost most 
layer (Rosowski et al. 1986a, Blenkinsopp and Lock 1994). 
To study the spatial arrangements of cells within the mat, 
the community must be cross-sectioned. In this study, I 
embedded intact benthic communities in a plastic. This 
allowed complete vertical profiles to be examined using 
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light microscopy. Thick sections allowed several focal 
planes to be examined on one slide yielding information 
concerning the arrangement of cells in all dimensions. The 
preparation of thick sections, being part the process of 
creating thin sections for transmission electron microscopy 
(TEM), allows the easy extension of this methodology to 
study the ultrastructure of individuals within the vertical 
profile using TEM. For example, Stolz {1983, 1984, 1990) 
used both light microscopy and TEM to examine cross-sections 
of microbial biofilms to identify the bacteria in these 
communities. Light microscopy and TEM have also been 
employed to examine the spatial arrangement of algal cells 
within a thin periphytic community (Blenkinsopp and Lock 
1994) . The sampling technique used in this experiment 
provides for the preparation of both thick and ultra thin 
sections of the community allowing collection of information 
on a scale of centimeters to microns. 
This method does have some drawbacks, however. The 
removal of the algal community from its natural hydrology 
changes the position of cells in the community, especially 
in the uppermost tiers where the mucilagenous matrix is not 
well developed, reducing the accuracy of the representation 
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of the upperstory architecture. The use of fixatives and 
dehydrating agents on the mucilaginous component of the 
community causes shrinkage and reduces the accuracy of 
distance measurements between cells (Lock et al. 1984, 
Rowsowski et al. 1986b). Inclusion in biofilms of sand 
grains, calcium carbonate, hard detrital matter, and heavily 
silicified diatom frustules interferes with the knives used 
to cut the material and may limit the ability to obtain thin 
sections from the entire vertical profile of the algal mat, 
especially in very thick mats. 
Thick sections were used in this experiment to allow 
the collection of the entire vertical cross-section, inclu-
ding material too hard to cut with glass or diamond knives, 
and allowed for more focal planes to be examined without the 
need for serial sectioning to reveal relationships in all 
three dimensions. The sampling procedure for vertical 
profiles could be improved by utilizing a quick-freezing 
method similar to that used by Renberg and Hansson (1993) 
for collecting sediment samples, although samples collected 
this way may be subject expansion (Dodds l989). Quick 
freezing the community in situ could provide a more accurate 
representation of the arrangement of upperstory cells. The 
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water in frozen sections could then be substituted for 
plastic using a freeze-substitution method yielding a 
natural representation of the vertical profile of a benthic 
algal community. 
The need for methodologies that can provide high 
resolution cross-sectional analysis becomes greater as the 
resolution of microprobe analysis increases. The physical 
and chemical data gathered from microprobes with resolutions 
of < 10 µm (Lewendowski et al. 1991, Revsbech and Ward 
1983), combined with visual information at the same scale, 
will help investigators better understand species reactions 






Photo 1. A 15 day old periphyton community. Diatom 
dominated periphyton attached to a colonization substratum. 
Note low profile and low density of community. S = sub-
stratum = 10 µm 
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Photo 2. A 68 day old periphyton community. Periphyton 
attached to a colonization substratum. Note the increase in 
density and structural complexity with a canopy comprised 
mostly of green f ilamenatous algae and an understory of 
bluegreen algae and diatoms. The dark line of cells 
attached directly to the substratum surface is comprised 
mostly of diatoms. C = canopy U = understory 
= 500 µm 
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Photo 3. A 120 day old periphyton community. Bluegreen 
algal dominated periphyton attached to a colonization 
substratum. Note the undefined structure and decline in 
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